INTRODUCTION
Oxidation of ammonia to nitrite is the sole source of energy for Nitrosomonas. Hydroxylamine, a putative intermediate in the process, is oxidized to a compound of the oxidation state of nitroxyl by the enzyme hydroxylamine oxidoreductase (HAO): NHzOH ~ HNO + 2 e-+ 2H +. The enzyme contains only metal redox centers; electrons pass from NH2OH to heme P460 and to c hemes [1] . Electrons are presumed to pass subsequently from the reduced enzyme to a water-producing and proton-utilizing terminal oxidase with the accompanying production of a proton gradient usable for ATP synthesis. In spheroplasts [2] and cells [3] of Nitrosomonas a net extracytoplasmic accumulation of protons has been demonstrated coupled to the oxidation of NH 3 or NH2OH. In spheroplasts, phosphorylation of ADP has been demonstrated under conditions of high extracytoplasmic proton concentrations [4] . Thus ATP synthesis in Nitrosomonas appears to occur according to the chemiosmotic scheme as proposed by Mitchell [5] . The possible mechanisms for creation of a proton gradient can be divided into two classes depending on whether the substrate dehydrogenase is on the cytoplasmic or extracytoplasmic side of the membrane. A cytoplasmic dehydrogenase (Fig. 1A) may be coupled to a molecule such as ubiquinone which is able to carry hydrogens across the membrane where a proton is released extracytoplasmically; an electron is subsequently returned to an H+-utilizing terminal oxidase on the cytoplasmic face [see 6]. In contrast, generation of a proton gradient by an extracytoplasmic proton-releasing dehydrogenase need involve transmembrane passage of electrons only (possibly through metal centers) to a protonutilizing terminal oxidase (Fig. 1B) .
The goal of the present work is to substantiate either scheme A or B (Fig. 1) in Nitrosomonas, based on the localization of HAO. In addition, we note the general applicability of the extracytop- 
Cells and assay procedures
Nitrosomonas europaea was grown and harvested [7] and glutamate dehydrogenase (GDH) [8] , malate dehydrogenase (MDH) [9] , HAO and protein [1] were assayed as described previously. Prior to assay, enzyme was extracted from cell or particulate fractions by resuspension in 50 vols. of 1 mM Na/K phosphate solution, pH 7.7, 20 /~g DNase/ml, followed by freezing and thawing twice. Untreated cells (Table 1A) had been washed by suspension in 50 vols. of 0.2 M sucrose, 46 mM phosphate, pH 7.9.
RESULTS AND DISCUSSION

Cell extracts
Over 90% of total HAO, GDH and MDH activities were recovered in soluble fractions after two cycles of freezing and thawing. Approx. 57% of the total cell protein was soluble. Total enzyme activities and total protein are shown in Table 1A . 
Lysozyme and shock procedures (Fig. 2)
Cells were treated by a modified procedure originally used to produce spheroplasts in Nitrosomonas [2] : 0.20 g (wet weight) of washed cells were suspended in 46 mM phosphate solution, pH 7.9, containing 0.20 M sucrose, 2 mM Na2EDTA and 20 mg lysozyme (Sigma, Grade III) to a final volume of 10 ml. The suspensions were incubated for 2 h at 27°C with constant stirring. Addition of 0.5 ml 60 mM Mg acetate (final concentration = 3 
Selective release of HA O; nature of lysozyme, EDTA-treated cells
Cells incubated with lysozyme, EDTA and Mg acetate, or control cells incubated with BSA and Mg acetate, had lost approx. 1/3 of their ability to catalyze the aerobic oxidation of NH 3 or NH2OH to nitrite (data not shown). Nevertheless, both preparations retained all HAO as indicated by the virtually complete recovery of HAO in fractions derived from the sedimented spheroplasts and cells (Table 1 ). The resuspension of lysozyme, EDTAtreated cells in dilute phosphate solution resulted in release of HAO, and corresponding loss of the ability to oxidize NH 3 or NH2OH, but caused very little lysis as indicated by retention of GDH, MDH and protein in P2. The shock with dilute phosphate resulted in release into the 20 000 x g supernate ($2) of 72% of HAO but only 3% of GDH activity, 3% of MDH activity and 19% of soluble protein (12% of total protein; Table 1B ). The simplest interpretation of this result is that HAO of Nitrosomonas is extracytoplasmic and was easily released from cells whose wall and outer membrane had been disrupted, whereas GDH and MDH, presumed to be cytoplasmic, were retained.
We suggest that spheroplasts prepared in this manner have a wall which is weakened enough to allow release of HAO but still protect the membrane envelope from lysis. Alternatively, because of the extensive membrane system, spheroplasts of Nitrosomonas are able to expand enough in volume to relieve the osmotic pressure.
The extracytoplasmic compartment of Nitrosomonas consists of the wall, periplasmic space, and cisternae of the extensive cellular membrane system [9] . The latter may be continuous with or discontinuous with the periplasmic space. The amount of HAO released by the shock procedure varied from 55% to 95% in different experiments. The corresponding release of cytoplasmic markers varied from 2% to 19%. A second successive resuspension in 1 mM phosphate was always sufficient to release over 90% of the remaining HAO, together with an additional 40% to 60% of cytoplasmic markers. If the GDH and MDH enzyme activity is indicative of cell lysis, then the release of virtually all HAO when 20% to 60% of the spheroplasts had not lysed suggests that HAO was not present in cisternae which were discontinuous with the periplasmic space. In addition, HAO released by the lysozyme-phosphate shock precedure remained in the supernate following centrifugation of the suspension of P1 in phosphate for 60 min at 100 000 × g, indicating that HAO was not in membrane or membrane vesicles which might have been extracytoplasmic in the cell (between the wall and cell membrane).
Requirements for release of HA 0
Control cells incubated in sucrose, BSA and Mg acetate in the absence of EDTA and lysozyme also released a significant amount (21%) of HAO activity when resuspended in dilute phosphate. This suggests that osmotic shock procedures alone may liberate HAO from intact cells.
Generation of a proton gradient in Nitrosomonas
The present data support a mechanism for creation of a proton gradient in Nitrosomonas based on an extracytoplasmic, proton-releasing dehydrogenase which passes electrons to a membrane electron translocating system (Fig. 1B) . In the oxidation of hydroxylamine to HNO, HAO will reduce electron acceptors such as ferricyanide or c cytochromes with the concomitant production of 2 protons. As shown here, HAO is located in the extracytoplasmic compartment. The reported reduction of mammalian cytochrome c by NH2OH as catalyzed by intact cells of Nitrosomonas [10] is consistent with the extracytoplasmic localization of HAO. The nature of the electron acceptor(s) coupled to HAO in vivo have not been established. The involvement of cytochromes c 554 and c 552 has been suggested [11] .
The mechanism proposed here for establishment of a proton gradient in Nitrosomonas has the advantages that ammonia-uptake and nitritesecreting systems are unnecessary and potentially toxic N-and O-containing intermediates are isolated in the extracytoplasmic compartment. Location of HAO in the compartment where protons accumulate also provides a novel mechanism for regulation of energy coupling: absence of ADP and the resulting decrease in extracytoplasmic pH would decrease the rate of N-oxidation; the pH for optimum activity of HAO is greater than 8.0 [131.
Generality of scheme
The extracytoplasmic dehydrogenase scheme may apply generally to the oxidation of small molecules where, in contrast to many cytoplasmic oxidations, products of the oxidation are not necessary for other energy-yielding or biosynthetic reactions. Evidence for substrate oxidation on the extracytoplasmic side of the membrane is found for oxidation of H 2 [14] , Fe(II) [15] , CH3OH [16] , fumarate [17] and formate [18] . Photosynthesis also fits this scheme when viewed as involving a light-dependent, proton-yielding H20 or H2S dehydrogenase which is found on the extracytoplasmic membrane surface [19] .
